29 Si nucleus has been studied using heavy-ion induced fusion-evaporation reaction and, for the first time, using a large array of high resolution γ-ray detectors. High spin states of the nucleus have been populated using 18 O( 16 O,αn) and 18 O( 13 C,2n) reactions at E lab = 30-34 MeV. Previously reported levels have been confirmed and a new level has been identified in the present study. Spin-parity assignments have been carried out based on the anisotropy and polarization measurements of the observed γ-transitions. Level lifetimes have been measured using Doppler Shift Attenuation Method (DSAM), with modified analysis techniques for the thick molecular target (Ta2O5) used in the present setup. Lifetime of the lowest negative parity state at Ex = 3624 keV has been substantially modified from the previously reported value. Large basis shell model calculations have been carried out for the nucleus using updated interactions and the results corroborate the experimental findings. The calculations have also been carried out for the neighbouring 28,30 Si isotopes. In case of the 28 Si nucleus, the calculations adequately reproduce most of the deformed structures, as represented by the quadrupole moments extracted therefrom. In the 30 Si nucleus, the negative parity states have been reproduced for the first time without any ad hoc lowering of the single particle energies. It can be generally stated that the shell model calculations adequately describe the experimental observations in these nuclei.
The 29 Si nucleus has been studied using heavy-ion induced fusion-evaporation reaction and, for the first time, using a large array of high resolution γ-ray detectors. High spin states of the nucleus have been populated using 18 O( 16 O,αn) and 18 O( 13 C,2n) reactions at E lab = 30-34 MeV. Previously reported levels have been confirmed and a new level has been identified in the present study. Spin-parity assignments have been carried out based on the anisotropy and polarization measurements of the observed γ-transitions. Level lifetimes have been measured using Doppler Shift Attenuation Method (DSAM), with modified analysis techniques for the thick molecular target (Ta2O5) used in the present setup. Lifetime of the lowest negative parity state at Ex = 3624 keV has been substantially modified from the previously reported value. Large basis shell model calculations have been carried out for the nucleus using updated interactions and the results corroborate the experimental findings. The calculations have also been carried out for the neighbouring 28, 30 Si isotopes. In case of the 28 Si nucleus, the calculations adequately reproduce most of the deformed structures, as represented by the quadrupole moments extracted therefrom. In the 30 Si nucleus, the negative parity states have been reproduced for the first time without any ad hoc lowering of the single particle energies. It can be generally stated that the shell model calculations adequately describe the experimental observations in these nuclei. 
I. INTRODUCTION
The sdpf nuclei, with Z ∼ 12-16 and N ∼ 14-18, have been subjects of recent spectroscopic investigations, carried out using contemporary facilities [1] [2] [3] [4] . The primary * Electronic address: rraut@alpha.iuc.res.in motivation has been to probe the evolving structure of these nuclei belonging to the transitional region between the line of stability and the island of inversion [5, 6] . A preferential occupation of the f p-shell configurations even at lower excitation energies and the development of collectivity based on pure sd configurations is indicated for these nuclei. The associated theoretical studies have also been zealously pursued in conjunction with the experimental endeavours, particularly within the purview of the nuclear shell model. Shell model calculations in this region have resorted to adhoc adjustments [7] in the single particle energies while calculations with updated interactions [8] and reasonable configuration space have indicated such modifications to be inessential [9] .
Most of the information on the level structure of these nuclei is based on experimental investigations carried out with modest detector setups and light-ion beams. The results from these measurements, for instance the level lifetimes and the γ-ray angular distributions, exhibit substantial scatter even at low excitation energies and spins. The ambiguities and/or uncertainties in the experimental findings can be found, for example, in the 29 Si (Z = 14, N = 15) nucleus, being probed in the present study, as illustrated in Fig. 1 . The lifetime of the 1274 keV (J π = 3/2 + ) level has been reported in several previous studies [10] [11] [12] [13] [14] [15] [16] [17] [18] but the values are considerably variant, with a few of them having substantial uncertainties. Similarly, the multipolarity and the electromagnetic assignment of the 1596 keV transition, de-exciting the lowest negative parity state (3624 keV, J π = 7/2 − ), has been investigated in a previous study [19] carried out with a NaI(Tl) scintillator detector, with the concomitant large uncertainties on the angular distribution coefficients (Fig. 1 ). This is a less than optimal situation since the negative parity levels in the sdpf nuclei are of particular significance as they originate from cross-shell excitations. Unambiguous identification of these levels along with the related information (lifetime, de-exciting transitions, multipolarity, electromagnetic nature, mixing ratio) is pertinent for benchmarking model calculations. In particular, probing the lowest negative parity level in these nuclei may provide an indication to the sd-f p shell gap and requires determination of the associated measurables.
The present work reports the investigation of the level structure of 29 Si, populated through heavy-ion induced fusion-evaporation reaction, using a large array of high resolution composite γ-ray detectors which also facilitate polarization measurements. The results have been compared with shell model calculations using updated interactions and larger model spaces and are found to be in close agreement. The large basis shell model calculations, have been extended to the neighbouring 28, 30 Si nuclei [7, 20] for a comparative interpretation. The calculations for 28 Si could satisfactory reproduce the deformed states reported previously by Jenkins et al. [20] . Further, the predicted negative parity states in 30 Si, are in reasonable agreement with the observed level sequences. Interestingly, the calculations did not require any system dependent lowering of the single-particle energies of the f 7/2 and the p 3/2 orbitals as was found necessary in the previous studies [7, 21, 22] . Ref. [7] Ref. [8] Ref. [9] Ref. [10] Ref. [11, 12] Ref. [14] Ref. [15] Ref. [13] Ref. [21] E γ = 1274 keV Tata Institute of Fundamental  Research (TIFR) , Mumbai, respectively. The multiClover detector array, the Indian National Gamma Array (INGA) has been used to detect the de-exciting γ-rays. The details of the experimental setup are outlined in Refs. [1, 3] . Two and higher fold coincidence events have been recorded and subjected to a detailed offline analysis.
The energy calibration has been carried out using the radioactive sources as well as the beam-off radioactivity data, which provided for the calibration points at higher γ-ray energies. Most of the transitions belonging to 29 Si exhibited Doppler effects (shifts and shapes depending on the level lifetimes). Hence, the data have been sorted to form angle dependent E γ − E γ matrices with the 90
• detectors on one axis and the detectors at one of the remaining angles on the other axis for subsequent analysis. The observations of substantial Doppler shapes did not permit us to undertake the conventional measurement of the ratio for Directional Correlation from Oriented nuclei (DCO) for multipolarity assignments of the observed γ-ray transitions [1, 2] . The dominant multipolarity of the observed transitions has thus been determined using the anisotropy ratio (R anisotropy ) [2, 3] , defined as,
As presented in Fig. 3 , this method facilitates distinction between transitions of different multipolarities. For the present detector geometry, gate on a pure dipole transition would lead to R anisotropy = 1.9 for pure quadrupole transition and R anisotropy = 1.0 for pure dipole transition. In case of gate on pure quadrupole transition, R anisotropy = 1.7 for a pure quadrupole transition and R anisotropy = 1.0 for pure dipole transition. These values have been extracted using transitions of known multipolarities from different nuclei populated in the same experiment. The R anisotropy information together with the linear polarization measurements enable the spin-parity assignments for the observed 
levels.
The Clover detector has four identical crystals in a close packed geometry, with minimal dead-layer / spacing in-between the crystals. This geometry can be applied for linear polarization measurements of the observed γ-ray transitions with any of the four crystals as the scatterer and the two adjacent crystals, which correspond to mutually perpendicular directions, as the absorbers. The preferential scattering of electric and magnetic transitions respectively in the direction perpendicular and parallel to the reaction plane, allows us to identify the electromagnetic nature of the transition. Since intensity is proportional to the differential cross section of Compton scattering, the intensities of the mutually perpendicular Compton scattered γ-rays, denoted by N ⊥ and N , are used to obtain a polarization asymmetry, ∆ P ol defined as, 
The geometrical effects of the array have to be incorporated in the estimation of the polarization asymmetry. This is represented by the asymmetry term, a, obtained from the ratio of N to N ⊥ for γ-rays from radioactive sources which are characteristically unpolarized. This constant was obtained in the previous studies carried out using the same detector setups [2, 3] and has been used for the present measurements. Fig. 4 illustrates the polarization asymmetry for the transitions in 29 Si along with those for transitions of known electromagnetic nature from 38 Ar and 41 Ca nuclei, included here for reference.
From the experimental asymmetry, the polarization (P = ∆ P ol /Q, Q being the polarization sensitivity) has been obtained for the transitions, using the method detailed in Ref. [3] , and are presented in Fig. 4 . The theoretical polarization for these transitions, using the known mixing ratios from the previous studies [23] , have also been calculated and included in the plot (Fig. 4) . The agreement of the theoretical polarization with the experimental values is satisfactory.
The observation of Doppler shapes / shifts in the present work facilitated the determination of level lifetimes using the Doppler shift attenuation method (DSAM). The analysis of the shapes / shifts has been carried out using the LINESHAPE [24] package modified for DSAM with a thick molecular target, as detailed in Ref. [9] . The slowing down of the residue of interest in the thick Ta 2 O 5 target has been simulated using the stopping powers calculated using the SRIM [25] software. The cross section for the production of the residues along the thickness of the target, with evolving beam energy, has been obtained from the statistical model calculations using the PACE4 [26] code. The results of the analysis are summarized in the subsequent section.
III. RESULTS
The level scheme of the 29 Si nucleus, following the present study, is illustrated in Fig. 5 . Table I records the level energies, the de-exciting γ-ray transitions and the spin-parity assignments. Most of the levels and the transitions in 29 Si, reported in the previous studies, have been confirmed in the present investigation with high resolution spectroscopic tools in the form of large array of Compton suppressed Clover detectors. In addition, a new level at E x = 7340 keV de-exciting by 3716 keV γ-ray transition has been identified in this work.
The 1631 keV transition de-exciting the 5255 keV (9/2 − ) level is noteworthy. This transition has been addressed in the previous studies, especially by Bardin et al. [27, 28] to explore the development of collectivity in the nucleus. The negative parity sequence was identified as a possible candidate for a rotational structure. The angular distribution for the 1631 keV γ-ray was carried out and the transition was identified to have a quadrupole-dipole (mixed) multipolarity with a substantial mixing (δ = -0.43, [23] ). Owing to the high mixing ratio of the transition, the dominant multipolarity could not be ascertained from the present anisotropy measurements. However, such high mixing ratio leads to the possibility of this transition having either a M1+E2 or an E2+M3 nature. An unambiguous conclusion based solely on the angular distribution measurement is difficult. Nevertheless, if we consider the theoretical polarization in comparison to the experimental value, these two possibilities produce widely different results. While the M1+E2 option results in a theoretical polarization of -0.7, in reasonable agreement with the experimental value (-0.3±0.1), the E2+M3 possibility produces a theoretical polarization value of +0.8 that is widely discrepant with respect to the measurements. The possibility of the transition being M1+E2 is further corroborated by the lifetime of the 5255 keV level, that was previously reported to be 118 fs and has been confirmed in the present work. The alternative E2+M3 mixed character would indicate a highly retarded transition with a much longer lifetime.
The 1596 keV transition de-exciting the 3624 keV (7/2 − ) level [23] is also noteworthy. This transition has previously been studied by Becker et al. [19] and was assigned a mixed dipole-quadrupole character, though with a high uncertainty on the mixing ratio (δ = 0.02 ± 0.02). The transition is significant owing to the associated change in parity and the long (∼ 3.8 ps) level lifetime (compared to neighbouring states). This is indicative of a change in the structure therein. Indeed, the 3624 keV (7/2 − ) level has been interpreted as the band-head of the K π = 7/2 − band in the previous studies [10, 28] . Such a scenario warrants a re-examination of the 1596 keV transition with the contemporary spectroscopy tools, as used in the present investigation. The R anisotropy value for the transition, from the present measurement, is 1.27 ± 0.03 in a quadrupole gate, indicating a dominant dipole nature with quadrupole admixture, while the value of polarization asymmetry (0.08 ± 0.03) is suggestive of a principally electric behaviour. In the light of these results, the 1596 keV has been interpreted as a mixed E1+M2 transition in the present work. The mixing ratio of 0.14 ± 0.04 has been estimated from the angular distribution analysis of the 1596 keV γ-ray, following the prescription detailed in Ref. [3] . The fit to the angular distribution from the current study and the plot for the corresponding χ 2 is illustrated in Fig. 6 . The theoretical polarization (P ) for the transition, calculated using this mixing ratio, is in reasonable agreement with the experimental result. It is interesting to note a similar feature in the neighbouring 31 Si isotope wherein As already mentioned in the preceding discussions, observation of Doppler shapes / shifts in the γ-transition peaks of 29 Si, enabled extraction of the corresponding level lifetimes using the DSAM technique. The modified LINESHAPE package [9] has been used for the purpose. Least square fitting of the observed shapes to the calculated ones have been carried out simultaneously at five different angles, 148
• , for determination of the level lifetimes. The parameters for the fitting procedure included the level lifetime, the side-feeding time, the peak height, the contaminant peak(s) and the background parameters. The results of the lifetime analysis in case of 29 Si are recorded in Table II while Fig. 7 illustrates representative fits to the Doppler shapes for the 1596 keV and the 2028 keV transitions. Level lifetimes that could be extracted from gates on transitions above (GTA) have been quoted as definite values while those that could be analyzed only with gates on transitions below (GTB) have been stated as the upper limits, after incorporating the side feeding contribution. The dominant uncertainties on the quoted lifetimes stem from the uncertainties in the stopping power estimates that are typically ∼ 10%. Thus, the stopping powers have been varied by 10% and the resulting dispersions in the level lifetimes have been included in the quoted uncertainties. Most of the level lifetimes / limits derived in the present study are in agreement with the previously reported values [23] . However, the level lifetime for E x = 3624 keV, de-excited by the 1596 keV transition, has been determined to be τ = 2.5 ± 0.2 in the present work, and is at variance with the previously reported value of τ = 3.8 ± 0.1. This being the lowest negative parity state, accurate estimation of the level and the transition properties can contribute to refining the model calculations, through their impact on the sd-pf shell gap and the transition probabilities. Upper limit on the lifetime has also been obtained for the E x = 7340 keV level, de-exciting by the 3716 keV transition, that has been reported for the first time in the present work.
IV. SHELL MODEL CALCULATIONS
Large basis shell model calculations have been carried out for the 29 Si nucleus and the neighbouring 28, 30 Si isotopes using the shell model code NuShellX@MSU [29] . The U SDA [8] a The presence of a dominant side-feeding allowed for assignment of only an upper limit on the lifetime.
b New level, first observed in the present work.
using the effective g-factors and the effective charges from Ref. [8] (g lp = 1.175, g sp = 5.000, g tp = 0.260, g ln = −0.106, g sn = −3.500, g tn = −0.170, e p = 1.36, e n = 0.45). The specific features and results of these calculations are described in the subsequent sections.
A. Calculations for 29 Si
The positive parity states in the 29 Si nucleus have been calculated using both the U SDA and the SDP F M W interactions with only the sd model space considered in both cases. The results for 29 Si are presented in Tables III and IV . The level energies and the lifetimes for the positive parity states from the calculations are in reasonable agreement with the experimental values (Table III) . The negative parity states in this nucleus have been calculated for the first time in the present work, using 1 ω excitations. The results exhibit satisfactory conformity with the present measurements.
The B(M 1) and B(E2) values of the transitions for which the branching ratios could be determined in the (Table IV) and found to be in adequate concurrence.
The
29 Si nucleus, being a mid-shell system, is expected to manifest deformation characteristics [27] . The deformation characteristics of the nucleus can be probed from the shell model calculations, through the quadrupole moments determined using the following equations [31] .
and,
where Q and Q 0 are respectively the spectroscopic and the intrinsic quadrupole moments.
For the sequence of levels E x (J π ) = 3624 (7/2 − ), 5255 (9/2 − ), 6781 (11/2 − ), the calculations indicate an oblate deformation at the lowest spin, represented by Q ∼ -30 efm 2 and Q 0 ∼ -63 mb, evolving to a prolate deformation, with Q ∼ 2 efm 2 (Q 0 ∼ 217 mb), at J π = 11/2 − . In particular, it may be noted that calculated |Q 0 | = 68 fm 2 , for the state J π = 9/2 − of this sequence, is in excellent overlap with the results of Bardin et al. [27] (|Q 0 | = 66 ± 9 fm 2 ). It is interesting that the present calculations corroborate the transitional characteristics of the 29 Si nucleus. This may imply an accurate inclusion of most of the dominant multi-particle configurations along with the appropriate two-body matrix elements herein. The previous studies have reported a considerably higher B(E2) value (∼ 100-200 e 2 fm 4 ) particularly for the aforesaid negative parity sequence which is also reproduced by the present calculations (Table IV) . This may be construed as an indication for the onset of deformation in this nucleus. The success of the shell model approach in reproducing these deformation characteristics in 29 Si provided the motivation in exploring the strongly deformed structures, identified in the neighbouring 28 Si isotope in a similar perspective.
B. Deformation characteristics in 28 Si
In a recent study on 28 Si, Jenkins et al. [20] have confirmed the deformed structures in the nucleus and have proposed a candidate superdeformed band in the same. Antisymmetrized Molecular Dynamics (AMD) calculations [32] have been found to corroborate the experimental observations.
Calculations have been carried out in the present work to explore the possibility of interpreting the aforesaid bands in the 28 Si nucleus within the shell model framework. The positive parity states, reported to be constituting these deformed bands, have been calculated using the U SDA and the SDP F M W interactions. In case of the latter, only 0 ω excitations have been considered.
The results of the calculations for the 28 Si nucleus are presented in Table V . The level excitation energies from the measurements have been well represented in these calculations. The experimental B(E2) values for the intra-band E2 transitions have been determined, based on inputs from the NNDC database [23] and compared with the calculations. For the ground state oblate band, the experimental trend of increasing B(E2) followed by a reduction is well reproduced by the calculations. Further, the transition strengths (in Wu) for the oblate (ground state), the prolate (normal deformed) and the candidate for the superdeformed (SD) band in 28 Si, as identified by Jenkins et al. [20] , have been computed and compared in Fig. 8 . As seen from the figure, most of the transition probabilities are in qualitative agreement with the experimental results. The deviations in the higher spin states may warrant further experimental and computational investigations. The quadrupole moments for the oblate ground state band and the prolate (normal deformed) bands have also been calculated using Equations (3) and (4) and presented in Table VI . The values for the quadrupole moments uphold the oblate as- signment for the former while a change of deformation is indicated at the highest spin in case of the prolate band. It is further interesting to note that, for the (proposed) SD band, the current calculations result in a moment of inertia value in the range 5-9 2 /M eV , similar to the values reported in the recent study by Jenkins et al. [20] . Based on the success of the shell model calculations in reproducing the general deformation characteristics in the 28 Si nucleus, we have extended these calculations to the next higher even-even Si isotope, 30 Si. Such an extension is of significance because the N ∼ 20 nuclei [1, 2, 4, 7] have been investigated, both experimentally and theoretically, with specific motivation to explore the effects of intruder states from the fp shells on their a Calculated using Equation (3) b Calculated using Equation (4) level structure. It is expected that these configurations would dominate the level structures at much lower excitation energies than the general expectation. Several factors could contribute to such a significant drop in the excitation energies of these intruder orbitals. The main contribution could arise from the many body correlations, which tend to lower the shell gaps.
Several studies on the sdpf nuclei have attempted to explain the observed level structures by introducing a nucleus specific reduction [21, 22] in the single particle energies of the intruder levels, and have attributed the agreement of such (shell model) calculations with the deduced level structure as a signature of the reduced shell gaps. However, it may be noted that these calculations have been performed using a large model space and consequently, a truncation scheme had to be introduced owing to the computational limitations. It has been well established that an inadequate truncation of the model space renders the ground state less bound [30] , resulting in the predicted excitation energies being substantially higher. Further, a crucial ingredient of such calculations is the choice of appropriate two-body matrix elements. The success of the present shell model calculations for 28, 29 Si validates the use of the model space and the choice of two-body matrix elements which motivated us to undertake the shell model calculations for 30 Si in an analogous way.
Previously, the shell model calculations for the 30 Si nucleus have been carried out by Steppenbeck et al. [7] using the U SD, U SDA and U SDB interactions for the positive parity states and the W BP and the W BP − a interactions for the negative parity states. They reported a satisfactory reproduction of the positive parity states in these calculations. The predictions for the negative parity states with W BP interaction had to be shifted down by ∼ 2 MeV relative to the ground state. The calculated negative parity states, with the W BP − a interaction, were equally or more discrepant with respect to the data and was ascribed to the inappropriate adjustments to the single particle energies of the 0f 7/2 and 1p 3/2 orbitals.
In the present work, calculations have been carried out for the positive and the negative parity levels of the 30 Si nucleus. The SDP F M W interaction has been used for the purpose. The positive parity states have been have been calculated using the full sd model space and 0 ω excitation while the the negative parity states have been calculated using the sdpf model space with 1 ω excitations. The results are presented in Fig 9. The present calculations reproduce the experimental results satisfactorily. The compliance with the experimental data, particularly for the negative parity states, is substantially improved with respect to the previous studies. It is worthwhile to mention that there has been no reduction of the bare single particle energies for the f 7/2 and p 3/2 orbitals in the present work. Such Si nucleus from Ref. [7] with the shell model calculations in the present work. These calculations for 30 Si have been carried out using the SDP F M W interaction with purely sd configurations for the positive parity states and 1 ω excitations for the negative parity states.
adjustments, as mentioned before, have been reported by Steppenbeck et al. [7] in their calculations of 30 Si nucleus with W BP − a interaction.
The present work establishes the possibility to interpret the observed level sequences along with the deformation characteristics in the sdpf nuclei, within the shell model framework through proper choice of the effective interactions and the associated model space.
V. CONCLUSION
The 29 Si nucleus has been studied through heavy-ion induced fusion-evaporation reaction and, for the first time, using a large array of Compton suppressed Clover detectors. The existing level structure for the nucleus has been confirmed, on the basis of energy, anisotropy and polarization measurements, and a new level has been identified at E x = 7340 keV, de-exciting by a 3716 keV γ-transition. Level lifetimes have been extracted using DSAM, with appropriate modifications of the analysis programmes to suit the thick molecular target used in the present setup. Most of the previously reported lifetimes have been reproduced in the present study, either directly or through an upper limit. However, the lifetime of the E x = 3624 keV state, de-exciting by 1596 keV transition, has been determined to be 2.541 +226 −190 ps at substantial variance with reported value of 3.795 ± 0.130 ps. This transition is of mixed E1+M2 nature, connecting the lowest negative parity state to the lower lying deformed states. It is interesting to note that a similar transition exists in the neighbouring 31 Si isotope, albeit with an enhanced B(E1) value which might indicate an enhancement of collectivity with increasing neutron number in the Si isotopes. Large basis shell model calculations have been carried out for the nucleus and the results are in satisfactory agreement with the experimental findings, including the deformation characteristics.
In view of the success of the calculations for the 29 Si nucleus, these have been extended to the neighbouring 28 Si and 30 Si isotopes. The deformation features in the former have been well represented in the present calculations. The calculations in case of the 30 Si nucleus have been carried out without any ad hoc lowering of the single particle energies, contrary to the previous studies, and the experimental level energies, both for the positive and the negative parity states, have been satisfactorily reproduced.
The present investigation has thus established the feasibility of implementing shell model calculations for interpretation of the level sequences in these transitional nuclei and the deformation features therein. Appropriate truncation schemes and choice of effective interactions, however, remain the crucial inputs for such an exercise.
